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Abstract 
Presented is a 3D simulation of the air flow and temperature variation in an ice drink refrigeration cabinet, during an 
automated dynamic cycle of switching on and switching off. To correctly model the effect of perforated plate separating 
evaporator and storage compartments, a benchmark problem is designed, and used as a reference to determine the parameters in 
the porous-jump model by parameter optimization. Subsequently, the dynamic cycle of initial switch on, automated switch off 
and automated switch on is simulated. Both the flow field distribution and temperature profile are analyzed and the time required 
for these three stages is obtained. Full 3D CFD simulation of refrigeration system provides not only detailed temperature 
distribution in the cabinet but also operational parameters of the system such as for switch on-off cycle. Those output from 
simulation are important for cabinet design to improve the storage quality of products while reducing the energy use. 
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1. Introduction 
Many food products sold through supermarkets, grocery stores and small outlets require refrigeration. Generally, 
refrigeration cabinet is designed to keep foods at specific temperature to ensure optimal freshness, quality, safety 
and shelf life. A major concern on food refrigeration is the high energy consumption. It is reported that a typical 
supermarket in the UK uses approximately 1000 kWh m-2 energy, of which about 40% to 50% is consumed for 
refrigeration purposes [1]. Indeed, refrigeration is regarded as a significant contributor for carbon emission, and also 
impacts on environment due to large quantity of refrigerant discharges [2]. There is a great need to better design 
refrigeration cabinet, despite of improvements made in the last 20 years. 
 From the viewpoint of heat transfer, a refrigeration cabinet is composed of three main components, namely the 
cabinet cavity, the insulation and the refrigerating unit. The refrigerating system controls the temperature of 
products by circulating cold air around and removing the heat ingression from cabinet wall and display [3]. Many 
factors affect refrigeration cabinet operation. A thorough comprehension of the dynamic air circulation and heat 
transfer in refrigeration cabinet is highly required but it is a very challenging task. Experimental tests are hugely 
time consuming and capital intensive, and can be carried out only for simple components [4-8]. Computational fluid 
dynamics (CFD) modelling would be a viable choice, which can reduce experiments [9]. Many studies have shown 
that CFD modelling is a promising and valuable tool to improve refrigeration efficiency in terms of energy savings 
and the required temperature maintenance. Foster et al. [10] used CFD to simulate a chilled multi-deck retail display 
cabinet. Cortella [11] employed CFD to predict the air flow pattern and food temperature inside cabinet. Based on 
the stream function-vorticity formulation, Cortella et al. [12] adopted finite element method to analyze the flow 
velocity and temperature distribution of air in an open display refrigeration cabinet. Resorting to a modified two-
fluid model and an adaptive support vector machine algorithm, Cao et al. [13] proposed a novel strategy for 
predicting air flow and temperature profile in an open vertical display refrigeration cabinet. A review by Smale et al. 
[14] highlighted the complementary role of CFD analysis to experimental studies, and demonstrated the ability of 
CFD to capture the critical domains of temperature occurring in the front of the stock.  
Most CFD modelling studies reported in the literatures are limited to 2D, either with commercial codes or with 
in-house codes. It has been recognized that cabinet performance in 3D is very different from 2D simulations [15]. 
For example, air flow visualization performed on air curtain of open display cabinet showed that 3D effects can be 
significant, even with still air in the ambient, not to mention the varying ambient air flow. Most reported CFD 
simulations are also limited to steady-state air flow and temperature distribution of cabinet. Integrated numerical 
simulation of the dynamic operation of whole refrigeration systems including both cabinet and refrigerator still 
remains a challenging task. In this paper, we report the progress in 3D simulation of a full refrigeration cabinet 
system under dynamic operation of automated switching on and switching off. The system is an enclosed display 
cabinet for ice drink products, where strict product temperature range is required. In order to achieve integrated 
simulation of the cabinet system with realistic refrigeration, sub-models for modelling coolant air generation 
(refrigeration) and distribution through perforated plate have been proposed and discussed. The aim is to present an 
improved CFD simulation of refrigeration cabinet systems under realistic air flow, heat transfer and dynamic 
operation conditions.   
2. CFD model of refrigeration cabinet 
2.1 Description of the refrigeration cabinet 
The refrigeration cabinet is schematically shown in Fig.1. It is a horizontal open-top display unit for frozen 
drink products requiring storage temperature between -5ºC and -7ºC. The evaporation tube of refrigeration is at the 
back and enclosed by a plastic plate, preventing the cavity for storing products from getting too cold. The enclosing 
plate is perforated at the top and bottom to allow coolant air to circulate. A propeller fan is installed in the coolant 
air chamber near the perforated plate to assist air circulation.  
The main design parameters of the refrigeration cabinet are outlined below: 
? The depth, width and height of the refrigeration cabinet cavity including the chamber for enclosing the 
evaporation tube are 587mm, 440mm, 632mm respectively. 
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? The thickness of the enclosing plate is 3mm and the thickness of the insulation walls (polyurethane) is 
80mm. 
? The glass door with thickness of 8mm consists of two parts; one is 282mm fixed at the back, and the other 
the sliding glass door of 305mm at the front. 
? The depth of the refrigeration room is 707mm. 
? The enclosing plate is perforated near the top with 75mm, and has an open channel of 90mm. 
 
Fig 1 The sketch of the simulated refrigeration cabinet 
2.2 Modelling perforated plate 
Fig. 2 presents the CFD simulation box of the refrigeration cabinet, in which the perforated plate is used to 
distribute coolant air into the display cabinet to ensure uniform temperature of the frozen drink. The perforated plate 
will be modelled by the porous-jump model. The reason is that this simple model is more robust and yields better 
convergence. It was recommended to be used whenever possible over the full porous media model. 
 
Fig 2  CFD simulation box of the refrigeration cabinet 
With the porous-jump model, the thin perforated plate is modelled as a porous medium of finite thickness. The 
pressure drop is from a combination of Darcy’s law and an additional inertial loss term: 
2
2
1
2
p v C v m? ??
? ?? ? ? ? ?? ?? ?    (1) 
where 
2C is the pressure-jump coefficient, v is the velocity normal to the porous plate, and m? is the thickness of the 
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plate. 
For the perforated plate, the Darcy’s pressure drop is negligibly small and can be eliminated with only the 
inertial loss term retained, yielding the following simplified form. 
2
2
1
2
p C v m?? ? ? ?    (2) 
2.3 Air flow and heat transfer equations 
Air within the cabinet is modelled as an ideal gas. The governing equations for air flow and heat transfer are 
listed as follows: 
Mass conservation equation: 
? ? 0j
j
U
t x
? ?? ?? ?? ?    (3) 
Momentum conservation equation: 
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Energy conservation equation:  
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where ij? is the molecular stress tensor, i ju u?? is the Reynolds stresses, ju h?? is an additional turbulence flux term. 
Here, 
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in which h is the static enthalpy and 2t C k?? ? ?? . 
The values of k and? come directly from the differential transport equations for the turbulence kinetic energy 
and turbulence dissipation rate. For standard k ?? model, the transport equations have the following forms: 
Turbulence kinetic energy equation:  
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Turbulence dissipation rate equation: 
? ? ? ? ? ? 21 3 2ti k b
i j j
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  (10) 
where
kG represents the generation of turbulence kinetic energy due to the mean velocity gradient, bG is the 
generation of turbulence kinetic energy due to buoyancy, 
MY represents the contribution of the fluctuating dilatation 
in compressible turbulence to the overall dissipation rate,
k? and ??  are the turbulent Prandtl numbers 
for k and? respectively. 
For an ideal gas, the density is calculated from the ideal gas law and pc is (at most) a function of temperature: 
0absp wp R T? , d dph c T? and ? ?=p pc c T where w is the molecular weight, absp is the absolute pressure and 0R is the 
universal gas constant. 
2.4 Boundary conditions and equation solver 
The pressure drop of the fan “EBMPAPST 9956M” for air circulation is obtained from its performance curve 
(i.e. the P-Q curve of fan), then we have 
2 3
4 5 6
31 62566 30 56635 905 66131 3154 58318
4300 86952 2226 95294 255 42003
fanp . . v . v . v
. v . v . v
? ? ? ? ?
? ? ?   (11) 
where fanp? is the pressure drop caused by fan, and v is the velocity of air normal to the entry face. All the cabinet 
walls are set to be a no-slip condition for velocity. As for heat flux, the conductive boundary condition is applied 
where the heat flux is calculated from the temperature difference between the inside wall and the ambient reference, 
with the heat transfer coefficient of 6 W K-1 m-2 for the glass door and that of 0.2625 W K-1 m-2 for the insulation 
wall. The value of 0.2625 W K-1 m-2 comes from the thickness of the insulation wall 80mm and its thermal 
conductivity 0.021 W K-1 m-1. (Specially, when the evaporator is switched on the corresponding wall is set as a 
constant temperature boundary condition with 23 3 C.? ? , while when the evaporator is switched off the corresponding 
wall is set as the convective boundary condition with heat transfer coefficient 0.2625 W K-1 m-2. Here, the value 
of 23 3 C.? ? is the evaporating temperature of refrigerant, in order to agree with the cooling capacity of the 
compressor used. Finally, the adiabatic boundary condition is applied at the left walls including both the separated 
plate and the upper wall of the refrigeration room). 
The software GAMBIT is used to build up the geometry model of the constructed component. Smooth 
transition is introduced at the junctions. Structured hexahedral regular elements are applied for meshing. The 
commercial code FLUENT is employed as the equation solver to solve the governing equations. The SIMPLE 
algorithm is selected to compute the velocity, pressure and temperature, and the calculations are performed in single 
precision.  
3. Parameter optimization 
As mentioned above, in order to consider the effect of perforated plate, the porous-jump model is used in which 
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there is an unknown parameter
2C . Here a benchmark problem is proposed as a reference to determine this parameter. 
Subsequently, in FLUENT we set the perforated plate area as fluid type and choose the porous zone option to set the 
determined parameter. 
2.1 Benchmark problem 
The proposed benchmark problem is with one open channel whose area is equivalent to the total effective open 
area of the holes of the perforated plate. By matching the overall flux of porous flow, the parameter
2C is determined. 
Fig 3(a) and Fig 3(b) present the constructed component and its meshing respectively, in which the open 
channel is located in the top right corner of the cavity and its area is 1/4 times that of the perforated plate, namely 
the height is 18.75mm. In the refrigeration compartment, the mesh is much finer than that in the storage 
compartment, because its velocity and temperature fluctuations are very fast. 
 
Fig 3 The constructed component (a) and its meshing (b) 
Fig 4(a) and Fig 4(b) present the flow field and temperature distribution of the benchmark problem at the cross 
section of y=220mm respectively. From Fig 4(a) we can see that: (1) most of region in the refrigeration room is of 
high velocity; (2) in the storage compartment, the highest velocity is about 1.0 m s-1 which appears near the open 
channel; (3) most region in the storage compartment is of lower velocity, except the region near the open channel. 
From Fig 4(b) we can see that: (1) almost half region in the refrigeration room has the same temperature as that in 
most storage room, and the left region near the evaporator has the lowest temperature; (2) the fluid passing through 
the open channel has a relatively low temperature; (3) most region in the storage room is of the same low 
temperature, and the highest temperature appears to be near the front of the glass door. 
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Fig 4 The flow field (a) and temperature distribution (b) of benchmark problem 
Finally, it should be pointed out that the mass flow rate across the open channel equals to 0.0088022165 kg s-1. 
This value will be used as a reference to optimize the parameter
2C . 
2.2 Optimization of C2 in the porous-jump model 
Fig 5 presents the optimization procedure of the pressure-jump coefficient 
2C  in the porous-jump model. Here 
the governing equations are also steady. Similarly, we assign different values to 
2C  to calculate the mass flow rate 
across the upper perforated plate. When 
2 2900 725C .? , the corresponding mass flow rate is 0.0087795546 kg s-1, 
which is very close to 0.0088022165 kg s-1. So
2 2510 017C .? is adopted in the porous-jump model to study the flow 
in the refrigeration cabinet. 
 
Fig 5 The optimization of the pressure-jump coefficient C2 in the porous-jump model 
4. Dynamic cycle of refrigeration cabinet in 3D 
Food requires strict temperature control. For the particular application of ice drink product, the required 
temperature is between?7???5?. When refrigeration cabinet is switched on, air in the storage compartment is 
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cooled from room temperature (i.e. 25?) to the lower setting of the required temperature (?7? in this case). With 
build-in auto-control system, the refrigerator will cut off once the lower setting of temperature is reached. However, 
heat ingression from external environment occurs continually and will eventually lead to temperature rise in the 
cabinet. When the temperature in the cabinet rises to the upper limit of the required temperature, i.e.?5? in this 
case, the built-in auto-control system will automatically turn on the refrigerator. The next cycle of cooling starts. 
Here we simulate these three stages of refrigeration by CFD simulation in 3D: (1) the stage from room temperature 
to?7? (cooling switched on firstly); (2) the stage from?7? to?5? (cooling switched off subsequently); (3) the 
stage from?5? to?7? (cooling switched on again). Meanwhile, we predict an important parameter of control, 
namely the needed time of each stage. Here, a temperature sensor is fixed on the wall of (587mm, 220mm and 
492mm) to detect the temperature of the storage cabinet. 
2.1 Stage from room temperature to?7? 
Fig 6 presents the evolution of flow field from room temperature to???. Initially, the fluid in refrigeration 
cabinet is stationary, namely the magnitude of velocity equals to zero. Then, under the action of fan, air begins to 
flow mainly in refrigeration room. With time goes on, the air flows to pass through the upper perforated plate and 
leads to the air in storage room to flow. We can observe that the highest velocity occurs near the fan in the 
refrigeration compartment and increases with time until the flow is fully developed. 
 
Fig 6 The evolution of flow field from room temperature to?7? 
Fig 7 presents the evolution of temperature distribution from room temperature to?7?. At the initial time, all 
air in the refrigeration cabinet is set to be room temperature. After the refrigeration is switched on, the air in 
refrigeration room is cooled. The temperature near the evaporator is lower than that near the opposite side, and there 
is an obvious temperature gradient appeared in refrigeration room. Meanwhile, under the action of fan, the cooled 
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air flows into the storage room from the upper perforated plate. Near to the back of the glass door, there is a zone 
with relatively high temperature. This is a recirculating zone less affected by the cooled air flow. Finally, it can be 
observed obviously that almost all the region in the storage room is cooled at?????????the time cooled from 
room temperature to?7? is about 460s (see t=460s in Fig 7). 
 
 
Fig 7 The evolution of temperature distribution from room temperature to?7? 
2.2 Stage from?7? to?5? 
Once the temperature of the storage room reaches?7?, simulation is carried out and the refrigeration is 
switched off. When the refrigeration is switched off, the flow field is hardly affected. Then in the following we only 
present the evolution of the temperature distribution. 
Fig 8 presents the evolution of the temperature distribution in the refrigeration cabinet during this period when 
the refrigerator is switched off. Due to the action of fan and the heat flux through both glass door and the cabinet 
walls, the temperature in the refrigeration compartment quickly equilibrates with the temperature in the storage 
compartment. Temperature in the refrigeration and storage compartments also increases gradually. In the storage 
room, there is still a region near the centre with relatively low temperature. The temperature in the cabinet 
eventually increases from?7? to?5? at about 30s (from t=460s in Fig 7 to t=490s in Fig 8). 
 
1608   Limin Wang et al. /  Procedia Engineering  102 ( 2015 )  1599 – 1611 
 
Fig 8 The evolution of temperature distribution from?7? to?5? 
2.3  Stage from?5? to?7? 
Once the temperature in the storage cabinet reaches?5?, simulation is carried out and the evaporator is 
switched on. Fig 9 presents the evolution of the temperature distribution during this period. When the evaporator is 
switched on again, the air in the refrigeration room is cooled and the lowest temperature appears near the evaporator. 
Subsequently, the cooled air passes through the upper perforated plate, and mixes with the air in the storage cabinet, 
resulting in the temperature in storage room decreased. During this process, the region near the glass door has a 
relatively high temperature and the relatively high temperature zone becomes small with time develops. Finally, the 
time required to cool the air in the cabinet from?5? to?7? is about 110s (from t=490s in Fig 8 to t=600s in Fig 
9). 
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Fig 9 The evolution of temperature distribution from?5? to?7? 
Finally, we present the 3D flow field and the 3D temperature distribution of each stage at its end (see Fig 10(a) 
and Fig 10(b) respectively). From Fig 10(a) we can see that the 3D flow fields of each stage at its end are nearly the 
same when the air is fully developed under the action of fan. This is consistent with our recognition and is the reason 
why we do not present the evolution of flow field for the latter two stages in Sections 4.2 and 4.3. From Fig 10(b) 
we can see that the 3D temperature distributions of the first and third stages at their end for cooling products are 
almost the same, although some minor discrepancy emerges. In contrast, the 3D temperature distribution of the 
second stage at its end is obviously different with relatively high temperature. 
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Fig10 The 3D picture of each stage at its end: (a) flow field, (b) temperature distribution 
5. Conclusions 
In this paper, commercial software Fluent has been used to build a 3D CFD model for dynamic study of air 
flow and heat transfer in refrigeration cabinet. The dynamic cycle of switching on and switching off has been 
simulated. The refrigeration cabinet is composed of an enclosed refrigeration compartment and a product storage 
compartment connected by perforated plate at the top and an opening slit at the bottom. The perforated plate is used 
to distribute the coolant air flow to ensure uniform mixing in the storage compartment.  
To simulate the effect of perforated plate, the porous-jump model is used. The model is calibrated to a 
benchmark problem with one open channel whose area is equivalent to the total effective open area of the holes of 
the perforated plate. By matching the overall flux, the parameters in the porous-jump model are determined. The 
dynamic processes simulated include three stages, namely the stage of initial start-up from room temperature to?
7?, the stage of auto switching off when the cabinet temperature reaches?7? and the restart stage when the 
cabinet temperature reaches?5?. We demonstrated that in order to realistically simulate air flow and heat transfer 
in refrigeration cabinet, it is necessary to fully integrate refrigeration cycle and complex boundary conditions 
including possible forced air circulation. Supercomputing in 3D is also necessary. In this way, our simulation results 
can be used to improve the performance of refrigeration cabinet with zero prototyping. 
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